Bacterial degradation of macromolecular DOM, aged under weakly photolytic conditions (daylight > 300 nm), was compared to that of the original compounds before and after provision of a cosubstrate. Bacteria, Pseudomonas sp., Flavobacterium sp., and Erkinia sp., and macromolecules (apparent mol wt 2 1,500) were isolated from the same lake water samples, one taken in winter and one in summer. Decomposition was determined by DOC measurements, since UV absorbance A 2,,D-300nm did not give an accurate indication of loss rates. Both aging and the pulse dose of nutrients enhanced the accessibility of the refractory DOM to Pseudomonas sp. and Erwinia sp., while Flavobacterium sp. utilized the original substances most effectively. The original macromolecules were decomposed 12-22%, aging increased the available portions by a further 5-1 O%, and provision of the cosubstrate, glutamic acid, enhanced degradation by 3-8% and by 20% (Erwinia sp. and DOM fraction, both isolated in summer). The constituents of the macromolecules in the winter sample rendered accessible by photolysis were energetically advantageous to Pseudomolzas sp. and Erwinia sp. The degradable portions of the original and aged macromolecules were consumed within the first week of incubation, and the remainder was persistent. Provision of a nutrient pulse did not result in the production of enzymes that might have enabled the bacteria to assimilate the refractory remainder. Both mechanisms are thought to reduce the longevity of the refractory DOM in a stepwise manner in natural waters.
Dissolved organic matter (DOM) in lake water consists mainly of refractory, high molecular weight substances. The macromolecular DOM fraction was mineralized up to 30% in degradation experiments with pure cultures of bacteria (Stabel et al. 1979) . Sederholm et al. (1974) , who also used pure cultures of bacteria, reported changes in percentages of phenolic compounds in aquatic humic matter indicating both degradation and humification of the substances. Geller (1983a) investigated the biodegradation of the macromolecular and the oligomeric DOM fraction with respect to the seasonal compositional variability of the substances and of the natural bacterial populations. Regardless of season and community composition, the macromolecules, 50-70% of the dissolved organic carbon (DOC), were persistent. There was only one instance in which bacteria effectively decomposed the DOM fractions of the parent lake water sample. Ryhaenen (1968) attributed the extremely slow biodegradation of humic sub-stances in lakes to a deficiency in inorganic nutrients. A high pulse dose of organic nutrients was reported to enhance the degradation of refractory lake water constituents by pure cultures of bacteria (de Haan 1977 (de Haan , 1983 Rifai and Bertru 1980; Stabel et al. 1979) . Steinberg and Herrmann (198 1) and Strome and Miller (1978) on the contrary, found no enhanced degradation in cultures of natural bacterial communities when a cosubstrate was provided and tentatively assigned the increase in decomposition of refractory DOM to cometabohsm (Horvath 1972) or to a priming effect (oxidation of the native compound when stimulated by incorporation of exogenous organic substances: Tate 1980) . Aquatic humus can be altered by UV irradiation and sunlight as shown by changes in spectral characteristics (Francko and Heath 1982; Stewart and Wetzel 1981) . Strome and Miller ( 1978) showed that, on the basis of bacterial growth and UV spectroscopy, biodegradation of dissolved humic materials was enhanced after photolysis.
Both mechanisms, enhancement of biodegradation by a nutrient pulse and by photolysis, may reduce the longevity of refrac-755 Table 1 . Morphological and physiological characteristics of the bacterial isolates used in degradation expermients. B-Api microtube system B (bacteria), acid production +, cpH 6.8; E-Api microtube system E (enterobacteria), acid production +, 5pH 6.0. Residual media and reagents for the taxonomic tests according to Skerman (1967 
Materials and methods
The bacteria and the dissolved macromolecules were obtained from the same water samples, once in summer and once in winter, from Mindelsee, a small mesoeutrophic lake (surface area 1 .O 1 km2, average depth 8.5 m), in part surrounded by forest and reed. The most probable number (MPN) method was used for isolating bacteria involved in decomposition of the actual DOM. The lake water from which the bacteria were isolated was sterilized by filtration on membrane filters of 0.1 -pm pore size and served as the growth medium. The ability of the isolated strains to utilize components of the macromolecular DOM fraction of both lake water samples was tested by the microcolony method (Geller 1983a ): microcolony size of the isolates grown on the macromolecules was compared to colony size attained on pure mineral medium. Morphological characteristics and metabolic activities of the strains (Table 1) were determined according to Skerman (1967) and by using Api microtube systems 20 B and E. The bacteria were classified as by Buchanan and Gibbons (1974) .
. For isolation of the macromolecules, 30-liter lake water samples were filtered successively on glass-fiber and membrane filters (O.lpm pore size) into sterile glass bottles at +2"C. The samples were concentrated by evaporation (35°C) and fractionated by Sephadex G-15 gel permeation chromatography (GPC) with distilled water as eluant. The macromolecular fraction of the DOM, fraction 1 apparent mol wt 21,500, was eluted in the void volume (V,). After rechromatography the macromolecular fraction was concentrated in vacua to a final volume of 30 ml and stored at -20°C (Gellet-1985a) . For the experiments the concentrates ( 1 x 1 O-3 of initial) were diluted with the mineral medium (pH 7.2, buffered with 0.02 M phosphate buffer) used throughout this study and sterilized by 0. l-pm filtration.
Sterile solutions of the macromolecules at five times the natural concentration were exposed to daylight in the laboratory for 6 weeks. UV irradiation was weak: the window glass transmitted 7 3% of UV, , , , , , , , , 60% ofuv35chn~ and transmittance then dropped linearly to 1% at 320 nm; furthermore the laboratory was exposed to the north. The solutions subjected to photolysis and dark controls were agitated (60 rpm) in Pyrex flasks having screwcaps with Teflon gaskets. Sterility was checked at weekly intervals by acridine orange direct count (AODC) (Hobbie et al. 1977) . Composition of the mineral medium and data on abiotic stability of the macromolecules under various conditions are given by Geller (1985a) . Biodegradability of the light-exposed, socalled aged compounds was compared to that of the freshly dissolved, original macromolecules with and without cosubstrate. The dark controls were excluded from the biodegradation experiments because disintegration was insignificant. Media containing the original macromolecules were prepared by dividing the freshly dissolved fraction 1 into two equal parts. To one of these, 100 mg (=40 mg C) liter-' of the cosubstrate, glutamic acid, was added. The experimental concentration of the macromolecules and of glutamic acid was determined by DOC measurements with a total carbon analyzer (Beckman, model 9 15B) after removal of inorganic carbon by addition of a 5% solution of 1 N HCl and purging the CO, with purified N,. Special care was taken to avoid exogenous organic carbon contamination, and determination of 0.5 mg C liter-' was highly accurate and reproducible. For calibration oxalate standards were used at concentrations of 2, 5, 10, 15, and 20 mg C liter-'; correlation coefficients obtained were r = 0.99 (n = 20).
The biodegradation experiments were performed in triplicate. Pure mineral medium served as a control for media containing the original or aged macromolecules. Pyrex flasks (100 ml) having screwcaps with Teflon gaskets were used as culture vessels to reduce the invasion of volatile organic substances into the media. Erlenmeyer flasks with silicone stoppers were used for the cultures supplemented with glutamic acid to prevent oxygen deficiency during growth of the bacteria (Geller 19836) . The initial concentration of the macromolecules was 12 mg C liter-l (fraction 1 winter) and 6.5 mg C liter-* (aged fraction 1 summer), each.five times the concentration in the water for the season. In cultures supplemented with the original macromolecules (summer), DOC accounted for 7.7,8.5, and 10.2 mg C liter-I, 6-8 times the natural concentration.
The media were inoculated with the bacterial isolates grown to the stationary phase in nutrient broth to initial concentrations of 1.0, 3.8, and 2.5 x lo5 cells ml-' for the strains W-l, W-2, and S-1. Cultures were incubated in the dark with shaking at 20°C. After 1,2,4, and 6 weeks, cell numbers were determined by the AODC method, and in cell-free subsamples DOC and UV spectra (Beckman spectrophotometer model 25) were measured. DOC data from parallel cultures were averaged. Standard deviations ranged from +O to f 1.5 among the three replicates. The mean standard deviation was +0.46 and +0.52 in the 96 subsamples from the 24 cultures of Erwinia sp. and Pseudomonas sp. The resultant variability of DOC was low in the replicates supplemented with macromolecules and high in cultures containing only mineral solution or glutamic acid, > 90% ofwhich was assimilated within 1 week.
Results
Bacteria -Three strains, one from the summer and two from the winter sample, were selected for the degradation experiments from eight isolates because they could grow on the macromolecules of both the summer and the winter sample (as established by the microcolony diameters). The strains were called W-l, W-2, and S-1 according to the season of their isolation. The bacteria differed greatly in their morphological and physiological characteristics. Strain W-1 utilized a broad spectrum of carbohydrates and amino acids and grew rapidly on p-hydroxybenzoic acid as the sole source of organic carbon. Strains W-2 and S-1 were chiefly carbohydrate decomposers and apparently lacked aromatic ring cleav-
-rlME (WEEKS) ing enzymes, since they did not utilize phydroxybenzoic acid. None of the isolates grew on benzoic acid.
Strain W-1 bacteria were 2-3 pm long and about 0.8 pm in diameter and produced a greenish pigment when grown on 100 mg liter-l of glutamic acid. With tyrosine a darkbrown pigment was released into the medium. The bacteria formed cream-colored rough colonies on nutrient agar. The strain was assigned to Pseudomonas sp. because of its morphological and physiological characteristics (Table 1 ) and the characteristic pigment production.
Strain W-2, rods 2.5-3 pm long and about 0.5 pm in diameter, formed orange colonies. The bacteria grew rapidly on glucose as the sole source of organic carbon. Acid production from carbohydrates was weak, giving a positive reaction only on Api B. The strain was classified as Flavobacterium sp., a genus often found in natural waters. The bacteria lost their ability to grow on glutamic acid during maintenance on nutrient agar.
Strain S-l formed smooth whitish colonies on nutrient agar. Cell sizes varied greatly depending on the substrate. Cells were 4-5 pm long and about 1.2 pm in diameter when grown on 100 mg liter-' of glucose, whereas on 100 mg liter-l of glutamic acid cells only half that size were produced. Growth on the macromolecules of the summer sample resulted in a further reduction of cell size. During decomposition of the residual macromolecules, cell size was comparable to that attained by growth on glutamic acid. Strain S-l is a member of the Enterobacteriaceae which readily grew in the low nutrient conditions of isolation. It was classified as Erwinia sp. because of its characteristics (Table 1) and its temperature requirements for growth (+42"C no growth, +2"C feeble, optimum growth in the range of ?20°C-~35"C).
The genus, as a sapro- phyte or as a pathogen, is associated with plants.
The isolates differed in their efficiency of substrate utilization.
Pseudomonas sp. always grew fastest yielding 2.2 x lo8 cells ml-' on 100 mg liter-I of glutamic acid, the saprophytic strain Erwinia sp. only 9.3 x 10' cells ml-' , by the stationary growth phase. The strains grew in pure mineral medium on volatile organic substances diffusing through the screwcaps, although the measurable DOC input in sterile medium was reduced below the detectable level. The DOC increase in mineral solution accounted for about 50 pg liter-' per week during the 11 -week experimental period (Geller 198 3b) . The actual nutrient supply to the individual strains, however, is higher. The bacteria trapped volatile substances by uptake according to their metabolic capabilities and thus prevented evasion. Accumulation of DOC resulting from utilization of airborne substances by Pseudomonas sp., Erwinia sp., and Flavobacterium sp. was 3.0, 1.9, and 1.2 mg liter-' in the culture liquid.
Degradation of macromolecules-On the sampling dates, < 10% of the total DOC was readily available to the bacterial communities as established by oxygen consumption (BOD, 48 h). The macromolecular fraction (fraction 1) accounted for 2 50% of the DOC in the lake water sampled in both summer and winter. Its decomposition was largely restricted to the first week of incubation (Fig. 1, lower part) . During the 6-week incubation period the strains degraded 12-22% of the freshly dissolved original substances. Pseudomonas sp. (W-1) and Erwinia sp. (S-l) preferentially utilized the DOM fraction of the lake water sample from which they were isolated (Fig. 2) .
The accessibility of the macromolecules isolated in winter was increased by aging under the weak photolytic conditions (Fig.  2) . The loss rates were increased by 10 and 5% in cultures of Pseudomonas sp. and Erwinia sp. The degradability of the aged DOM fraction of the summer sample was visibly improved only for the nutritionally versatile Pseudomonas sp. Cultures of Flavobacterium sp. showed no enhanced decomposition. These results indicate that the macromolecules can in part be made more susceptible to degradation by aging. The degree of utilization of these components of the complex molecules, however, depends on the metabolic capabilities of the bacteria.
Provision of the cosubstrate glutamic acid also accelerated the decomposition of the 
macromolecules.
The period of degradation, however, remained the same (Fig. 3) .
Erwinia sp. substantially degraded the macromolecules of the summer sample: the DOC loss was 42%. Decomposition of the macromolecules isolated in winter was little enhanced by the nutrient pulse; the saprophytic strain metabolized 20% of that DOM fraction. In cultures of Pseudomonas sp., the reduction of the macromolecules by 23% (winter) and by 14% (summer) was smaller than that of the aged macromolecules (Fig.   2 ). The variable behavior of Erwinia sp.
indicates that the ability of the nutrient pulse to enhance degradation is restricted by the chemical composition of the refractory substances. The absence of a substantial enhancement of degradation of the lake water constituents in cultures of Pseudomonas sp.
indicates that the species-specific nutritional demands are also important when considering the contribution of the cosubstrate.
Data from cultures of Flavobacterium sp. (Fig. 2, dashed bars) mates, since DOC measurements included the organic carbon of glutamic acid. The molecular size distribution determined with Sephadex G-15 GPC (Geller 1985b) showed that the strain metabolized glutamic acid in cultures supplemented with the macromolecules of the winter sample. The bacteria, however, did not regain the ability to grow on glutamic acid, as can be seen by the multiplication rates (Fig. 4) . Percent losses of the macromolecules established by GPC and subsequent DOC analysis in cultures without glutamic acid (18% winter, 13% summer) agreed with those supplemented with the amino acid (17% winter, 15% summer).
The absorption spectra (A2,-,0-300 ..,) of the culture liquids were examined for changes during the degradation experiments. The optical densities (OD) of the macromolecules increased steadily from 300-230 nm before inoculation.
The subsequent steep slope is composed of the absorbances of the macromolecules and predominantly the phosphates in the nitrate-free mineral solution as established by separate measurements of the inorganic components. Degradation of the macromolecules was not accompanied by a decrease in OD as shown by the spectra of three experiments where the losses of macromolecular DOC range from 14 to 42% (Fig. 5) . In the control cultures the utilization of glutamic acid and of airborne organic substances both resulted in the formation of metabolites which ab- Growth of bacteria -Multiplication rates of the bacteria largely reflected the biodegradation losses of the macromolecules. The change in cell numbers of Pseudomonas sp. and Erwinia sp. was most pronounced after the first week of incubation, at which time the degradable portions of the macromolecules had been assimilated (Fig. 1) . Growth curves of the slower growing Flavobacterium sp. differed most at the end of the incubation period (Fig. 4) .
Increases in cell numbers of Pseudomonas sp. and loss rates of the DOM fractions showed a linear relationship for the macromolecules of the summer sample and the original substances isolated in winter after 1 week of incubation (Fig. 6 ). Increased cell yields in terms of bacterial numbers per unit substrate decomposed resulted from incubation with the aged macromolecules of the winter sample. Greater cell numbers also resulted from growth of Erwinia sp. on the aged DOM fraction isolated in winter. The increased cell numbers attained by utilizing the original macromolecules of the summer sample were accompanied by a lower biomass production because of the reduced cell size. This effect was most obvious after 1 week in cultures containing glutamic acid (Fig. 3) : 48 mg C liter-l of the cosubstrate and the macromolecules isolated in summer produced 2.1 x 1 O* cells liter-' ; with glutamic acid alone (40 mg C liter-') only 9.3 x 10' cells ml-l were produced. Similar cell numbers, 1 .O x 1 08, resulted from growth of Erwinia sp. on 52 mg C liter-l in the cultures supplemented with the macromolecules of the winter sample and the cosubstrate. It is assumed that the energy provided by the degradable constituents of the macromolecules is similar when increases in cell numbers are proportional to DOC loss rates. This assumption holds for the original and aged DOM fraction of the summer sample and the original substances isolated in win-ter. The enhanced multiplication rates of Pseudomonas sp. and Erwinia sp. grown on the aged macromolecules of the winter sample indicate that the accessible constituents are energetically advantageous for the bacteria. With Flavobacterium sp. the absence of accelerated growth is attributed to the strain's inability to utilize the constituents rendered accessible by aging (Fig. 2) .
Discussion
Absorbance in the UV range frequently has been used in studies of the fate of aquatic humus and refractory DOM (e.g. Stabel et al. 1979; Stewart and Wetzel 198 1) . Optical density at 365 nm was indicative of the fulvic acid concentration in Tjeukemeer (de Haan 1977), and de Haan used the ratio A 250 : A,,, to determine the relative amounts of the humic material. Strome and Miller ( 1978) applied the ratio AZsO : A,,, in their decomposition studies on humic substances from decaying leaf litter, soil extract, and tundra ponds. In both investigations distinct reductions in OD ~300 nm were observed during biodegradation of the mainly allochthonous materials. In my study, OD L 300 nm of the pale yellow substances was always close to zero. This can be attributed to the relatively low experimental concentration, only 5-l 0 times the natural concentration, and to the moderate terrestrial input. Absorbance at lower wavelengths was also a poor indicator of biodegradation. Discrepancies between results of DOC and spectroscopic (AZbO ,,) measurements, too, can be seen in the study of Stabel et al. (1979) on biodegradation of macromolecular and oligomeric DOM from lake water. In the study reported here, the production of UV-absorbing metabolites from glutamic acid and airborne organic substances balanced probable OD losses of the macromolecules. Furthermore degradation of the macromolecules of the winter sample resulted in the formation of low molecular, DOC-poor, intensely UV-absorbing metabolites (Geller 19853) . My findings indicate that the easy-to-measure changes in UV absorbance may inadequately reflect the degradability of "aquatic humus" because of simultaneous processes of decomposition and buildup.
The degradation of humic substances in waters proceeds slowly (Wetzel 1983) . Stabe1 et al. ( 1979) reported a slow, but continuous decomposition of macromolecular DOM in cultures of Actinomyces sp. The oligocarbophilic strain degraded 25-30% of the DOC within 63 days. Provision of a pulse dose of glucose enhanced degradation over the entire incubation period. No extended periods of macromolecular DOC losses were found in biodegradation experiments with natural bacterial communities lasting 10 days (Steinberg and Herrmann 198 1) and 3 months (Geller 1983a ). Short term losses were compensated by invasion of airborne organic substances through the cotton stoppers of the culture flasks in experiments by Geller (1983a) . The invasion rates were about 10 times higher than those through screwcaps with Teflon gaskets (Geller 19833) . The macromolecules used here consisted of a relatively small portion of labile components, which were rapidly utilized, and a persistent remainder. Aging under weak photolytic conditions and provision of glutamic acid both increased short term degradability.
The long term resistance ( Fig. 1 ) was slightly reduced in only one instance. The nutrient pulse (Fig. 3) failed to affect the production of enzymes which may have enabled the bacteria to feed solely on the refractory remainder. Data from both the literature and this study suggest that the slow degradation of refractory DOM in natural waters does not necessarily result from continuous microbial action.
Evidence that a nutrient pulse enhances the decomposition of high molecular, refractory DOM is open to interpretation. In a review article de Haan (1983) stated that the rate of fulvic acid degradation is probably high and enhanced by readily available cosubstrates in productive lakes. In cultures of two Arthrobacter and Pseudomonas species the reduced absorbance of fulvic acids after provision of cosubstrates was established by de Haan ( 19 74, 19 7 7) and Rifai and Bertru (1980) . However using natural bacterial communities from lake water and sediment, Strome and Miller (1978) made several unsuccessful attempts to enhance the degradation of humic substances by adding inorganic substances and glucose. Studies of refractory DOM from lake water based on DOC measurements produced similarly contrasting results from bacterial pure CUItures and natural communities. Stabel ct al. (1979) found about 15-20% increased degradation, whereas in experiments by Steinberg and Herrmann (198 1) degradation could not be enhanced by provision of a cosubstrate. In my study, the degree of stimulation by the nutrient pulse varied. With Pseudomonas sp. decomposition of macromolecules was enhanced by 8% (Fr 1, winter) and 3% (Fr 1, summer) . The ability of the saprophytic Erwinia sp. to degrade the refractory DOM was limited by nutrient deficiency. Decomposition of the macromolecules isolated in summer was significantly increased, by 20%, after provision of the cosubstrate, indicating the relevance of species-specific nutritional demands to the contribution of the nutrient pulse. Moreover the chemical nature of the DOM confined the promotive effect of the cosubstrate, as degradation of the substances isolated in winter was enhanced by only 6% in cultures of Erwinia sp. In rating the enhancement effect of labile substrates on degradation of persistent DOM, the formation of a refractory residue must be considered. In cultures supplemented with the DOM fraction of the summer sample, metabolism of glutamic acid resulted in an increase of macromolecular DOC attributed to a stable linkage between small-sized metabolites of the amino acid and the high molecular fraction of DOM (Geller 19853 ). In the case of Erwinia sp. the actual decrease of macromolecular DOC was thereby reduced from 42 ( Fig. 2) to 5%.
The ecological significance of cosubstrates as promotors of degradation is unclear. The concentration of glutamic acid made available to the bacteria in this study was unnaturally high. The same holds for other cosubstrates: glucose (Stabel et al. 1979; Steinberg and Herrmann 198 1; Strome and Miller 1978) , benzoate, and lactate (de Haan 1974 (de Haan , 1977 Rifai and Bertru 1980) . The monomers were provided in a single pulse dose which was rapidly consumed. In experiments where the air steadily provided organic substances (Geller 1983a ), the DOM fractions investigated were largely resistant to bacterial attack. The minimum threshold of cosubstrates necessary for enhancing degradation of refractory lake water constituents is not known. In lake water only low concentrations of readily available substances are traceable (Steinberg 1977) , their actual supply rates are obscured by bacterial uptake. Thus it is difficult to evaluate the importance of this mechanism, which is restricted to periods of enhanced algal productivity.
The light-induced conversion of the macromolecules proceeded slowly but continuously under the weak photolytic conditions used, as UV irradiation was quenched by the window glass. Direct exposition to sunlight in quartz bottles enhanced photodegradation significantly (Geller 19 8 5 a). In lake water UV irradiation rapidly decreases with increasing depth, so that the efficiency of photolysis in lakes depends on mixing of the water. Some constituents of the macromolecules were made accessible to the strains by the abiotic process, as was shown for natural bacterial communities by Strome and Miller (1978) . The degree of utilization of the products varied with the strains (Fig.  2) , whose metabolic characteristics differed (Table 1) . The accessible components of the aged macromolecules of the winter sample contributed to a significant increase in cell numbers in cultures of Pseudomonas sp. and Erwinia sp. These substances must either require less energy for breakdown or be of higher nutritional value than the labile portions of the aged macromolecules of the summer sample. Such light-mediated generation of labile substances may also improve the nutritional situation in situ.
Conclusions
Photolysis and the addition of the cosubstrate glutamic acid gradually enhanced the biodegradation of refractory DOM. The enhancement effect of photolysis depends on the light regime, whereas the promotive action of the cosubstrate requires an organic substrate input of unknown minimum threshold and is thus restricted by the production in a lake. The inherent species-specific metabolic capabilities of the bacteria to attack different constituents of the complex molecules are presumably the basis for the efficiency of both mechanisms: the enhancement effect resulted in O-20% additional loss of DOC. The degradable components of the macromolecules were quickly metabolized, while the remainder was inaccessible to the strains used over the period of 6 weeks. Depending on the nutrient level and intensity of irradiation in the field, both mechanisms may reduce the longevity of refractory DOM.
